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Edited by Miguel De la RosaAbstract The thermal stability of four molecular forms (native,
refolded, glycosylated, non-glycosylated) of feruloyl esterase A
(FAEA) was studied. From the most to the least thermo-resis-
tant, the four molecular species ranked as follows: (i) glycosyl-
ated form produced native, (ii) non-glycosylated form produced
native, (iii) non-glycosylated form produced as inclusion bodies
and refolded, and (iv) glycosylated form produced native chemi-
cally denatured and then refolded. On the basis of these results
and of crystal structure data, we discuss the respective impor-
tance of protein folding and glycosylation in the thermal stability
of recombinant FAEA.
 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Structure1. Introduction
Plant cell wall scaﬀolds are essentiallymade of cellulose, hemi-
cellulose, and pectin [1]. Complete hydrolysis of plant biomass is
achieved by cellulolytic microorganisms by mean of numerous
enzymes. Among side chain degrading enzymes, feruloyl ester-
ases (FAE) speciﬁcally remove feruloyl residues from arabinose
(hemicellulose), or from arabinose and galactose (pectin) [2].
Type A FAE (FAEA) is preferentially active against methyl
ferulic and methyl sinapinic esters [3], and has potential appli-
cations in a wide range of industrial processes [4–6].
The most studied source of FAEA is the ﬁlamentous fungus
Aspergillus niger. A. niger FAEA gene was cloned, and the
recombinant protein produced at levels of 0.3 and then 1 g/l
in Pichia pastoris [7] and in A. niger [8], respectively.
In addition to being produced at high levels, the enzymes
used in industrial processes must resist non-physiological con-
ditions such as extreme pH or high temperatures [9]. Regard-
ing this latter point, glycosylation has long been identiﬁed as
a key point in the thermal stability of glycoproteins [10]. Inter-
estingly, whereas FAEB has 18 N-glycosylation sites [11],*Corresponding author. Fax: +33 491 26 67 20.
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doi:10.1016/j.febslet.2006.09.039FAEA has only one. This raises the question of the actual
importance of glycosylation in the thermal stability of FAEA.
In the present study, we have addressed this question by pro-
ducing non-glycosylated FAEA in the prokaryotic expression
host Escherichia coli, and then comparing its thermal stability
to that of glycosylated FAEA produced in A. niger. In contrast
with A. niger, E. coli produced FAEA essentially in the form of
insoluble inclusion bodieswhichwere refolded to recover a func-
tional soluble enzyme. Taking advantage of this feature, the
importance of the folding process on the thermal stability of
FAEA was evaluated in parallel with the role of glycosylation.2. Materials and methods
2.1. Production and puriﬁcation of recombinant FAEA in E. coli
2.1.1. Insoluble expression. FAEA coding sequence was PCR-
ampliﬁed using full length FAEA sequence as template [8], and primers
attB1-gcctccacgcaaggcatctc and attB2-taccaagtacaagctccgctcgtc. The
PCR product was sub-cloned into pDEST17O/I [12]. Rosetta(DE3)-
pLysS cells (VWR, Le Pe´rigares Baˆt. B, 201 rue Carnot, 94123 Fon-
tenay sous Bois, France) were transformed with the expression
construct. Cells were grown at 37 C in 2 l of TB medium. At
OD600 = 1, expression was induced by the addition of 0.5 mM IPTG
and allowed to proceed overnight at 17 C. After washing with water,
the insoluble fraction of cell lysate was solubilized in 50 mM Tris pH 8,
300 mM NaCl, 6 M guanidium hydrochloride, and the recombinant
protein was puriﬁed by aﬃnity chromatography on Ni column. For
washing (50 mM imidazole) and elution (250 mM imidazole) guani-
dium hydrochloride was substituted with 8 M urea. Eluted FAEA
was reduced by 1 h incubation in the presence of 10 mM b-mercap-
toethanol. After dialysis against 50 mM Tris pH 8, 300 mM NaCl,
8 M urea, the denatured and reduced FAEA was concentrated to
5 mg/ml. Refolding was performed by slowly diluting 10 ml of this pro-
tein solution in 200 ml of pre-chilled refolding buﬀer (50 mM CHES
pH 9 and 10 mM b-mercaptoethanol) with constant stirring overnight
at 4 C. After concentration, refolded FaeA was further puriﬁed by
size exclusion chromatography. We call this form ‘‘EcR’’.
2.1.2. Soluble expression. Cells were processed as above except that
there was no refolding step and that the native FAEA contained in the
soluble fraction of E. coli lysate was puriﬁed using denaturant-free
(guanidinium chloride or urea) and reducer-free (b-mercaptoethanol)
buﬀers. We call this form ‘‘EcN’’.
2.2. Production and puriﬁcation of recombinant FAEA in A. niger
This has been reported elsewhere [8]. We call this form ‘‘AnN’’.
The refolded form of glycosylated FAEA was obtained by denatur-
ing 5 mg of AnN in the presence of 6 M guanidinium hydrochloride,
and then following the procedure described above. We call this form
‘‘AnR’’.blished by Elsevier B.V. All rights reserved.
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Depending on the available amount of protein 2 columns were used
at 4 C. AnN, AnR, EcR were run on HiLoad 26/60 Superdex 200 pg
(GE Healthcare, parc technologique, rue R. Razel, Saclay, 91898
Orsay, France) at 1 ml/minute. EcN was run on a Tricorn 10/300
GL column (GE Healthcare) at 0.7 ml/min. Running buﬀers
(10 mM) were Tris pH 7.5 (AnN, EcR), and CHES pH 9 (EcR,
AnR). Identical results were obtained using either buﬀer (not illus-
trated). The aggregation state was determined by calibrating the col-
umns with dextran blue (2000 kDa), catalase (232 kDa), albumin
(67 kDa), ovalbumin (43 kDa), chymotrypsinogen A (25 kDa), and
ribonuclease A (13.7 kDa).
2.4. Far UV circular dichroism (CD)
Measurements were performed at 20 C between 185 and 260 nm
(0.2 nm/min) using 1-mm quartz cells in a Jasco PTC-423S spectropho-
tometer (JASCO France, 60 bd du Mare´chal Juin, 44100 Nantes,
France). Protein samples were diluted in 10 mM NaPO4 pH 8.0 to a
working concentration of 0.18 mg/ml, after the mother protein solu-
tion has been extensively dialyzed against the same buﬀer. CD spectra
were the mean of three measurements. Data were deconvoluted using
CDNN program.
2.5. Thermoﬂuorescence assay
The assay was performed using 96-well PCR plates in a real time
PCR apparatus (Biorad, 3 bd R. Poincare´, 92430 Marnes la Coquette,
France). FAEA (20 lg/tube) was added to a reaction mixture made of
5 lM Sypro Orange (Molecular Probes, BP96, 95613 Cergy Pontoise
cedex), 10 mM Tris pH 7.5, 1.18 mM MFA. The reaction mixture
(20 ll/tube) was stepwise heated from 35 to 65 C with a heating rate
of 1 C/min, and a hold step for ﬂuorescence reading every 0.2–0.5 C.
2.6. Enzymatic activity assay
The esterase activity was assayed as previously described [13], using
methyl ferulate (MFA) or methyl sinapinate (MSA) substrates. Activ-
ities were expressed in nkatal. One nkatal is the amount of enzyme nec-Table 1
Properties of FAEA produced in Aspergillus niger and in Escherichia coli
A Expression A. niger (AnN) E. coli
Enzymatic activity
Substrate MFA MSA MFA
pHa 5 nd 5
Temperature (C)b 55 nd 50
Km (mM) 0.31 0.10 0.37
Vm (nkat/mg) 442 1703 403
Substrate 2-Chloro 4-nitrophenyl 5-O-feruloyl-a-L-ar
Ki (mM)
c 1.45 nd 1.40
Ki (mM)
d 2.5 nd 2.9
Physico-chemical properties
MW (Da)e 30246 28552
pIf 4.2 4.66g
Stability (%)h 85 6
(A) Enzymatic and physico-chemical properties. nd, not done. (B) Chemical
aFor optimal pH determination, enzymatic activity was essayed in 100 mM cit
increments.
bFor optimal temperature determination, enzymatic activity was essayed at
cRefer to B.
dRefer to B.
eDetermined by mass spectroscopy.
fCalculated using ProtParam, and then veriﬁed by iso electro focusing using
gDue to His-tag and attb1 addition.
hPercentage of enzymatic activity (using MFA) remaining after 30 min incubessary for releasing 1 nmol ferulic or sinapinic acid per second. Km and
Vm were calculated from initial rate data determined at substrate con-
centrations ranging from 0.01 to 0.075 mM using Lineweaver–Burk
plots and linear regression analysis. For thermal stability experiment,
the enzyme (6 lg/ml) was incubated for 30 min at diﬀerent tempera-
tures in a ﬁnal volume of 1.1 ml. After cooling on ice, the residual
esterase activity was assayed using MFA substrate.
2.7. Enzymatic activity inhibition assay
Two inhibitors (a substrate analogue and a transition-state ana-
logue, Table1B) were synthesized at CERMAV (Grenoble, France).
The synthesis protocol can be obtained upon request at <Lau-
rence.Marmuse@cermav.cnrs.fr>. The feruloyl esterase activity was
measured using 2-chloro 4-nitrophenyl 5-O-feruloyl-a-sc l-arabinofu-
ranoside as substrate in a modiﬁed a-arabinofuranosidase-coupled
spectrophotometric assay [14]. The activity was followed at 37 C by
measuring the release of 2-chloro 4-nitrophenol at 405 nm. Activities
were measured in the presence of several concentrations of inhibitor
(0–5 mM). The competitive nature of inhibition was determined using
Lineweaver–Burk plot.2.8. Crystallization and structure solution
Plate-like crystals of FAEA produced in A. niger (AnN) and E. coli
(EcR) were obtained at 18 C with the hanging drop vapor diﬀusion
method by mixing 1 ll of a 20 mg/ml protein solution and 1 ll of crys-
tallization buﬀer (2.05 M ammonium sulfate, 0.09 M CAPS/Ammonia
pH 10, 10% ethylene glycol). Crystals were shortly soaked in the same
buﬀer supplemented with 20% ethylene glycol, and then ﬂash-frozen in
a nitrogen stream. Data sets of AnN and Ecr crystals were collected on
beam line ID14-EH1 at the European Synchrotron Radiation Facility
(ESRF, Grenoble, France), and integrated with DENZO [15] and
MOSFLM [16], respectively. All further computing were carried out
using the CCP4 program suite [17], unless otherwise stated. AnN
and EcR crystals contain 2 molecules per asymmetric unit and belong
to space group C2. Data collection and reﬁnement statistics are sum-
marized in Table 2.(EcR) B
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Table 2
Crystals, data, and reﬁnement statistics
FAEA AnN EcR
Data collection
Space group C2 C2
Cell dimensions
a, b, c (A˚) 51.85, 52.38, 70.97 159.05, 51.48, 72.90
a, b, c () 90, 108.46, 90 90, 109.54, 90
Resolution (A˚) 39–1.55 62–1.7
I/rI 7.1 (2.2) 13.8 (2.3)
Completeness (%) 98.9 (94.3) 98.6 (90.9)
Redundancy 4.6 (3.2) 4.6 (2.9)
Reﬁnement
Resolution (A˚) 1.55 1.7
Number of reﬂections 77235 57868
Rfree (%) 19.2 0.19
R (%) 16.4 0.15
r.m.s Bonds (A˚) 0.014 0.013
r.m.s Angles (A˚) 1.53 1.38
Waters molecules 470 618
B-factors
Chain A 13.4 16.5
Chain B 13.7 17.5
Chain W – 30.7
Chain X 27.5 26.8
Sugar 28.6 –
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[18] using a poly Ala/Gly/Ser/Pro starting model derived from the
coordinates of the Rhizopus oryzae lipase catalytic domain (PDB acces-
sion number 3TGL), and built by sequence and spatial alignment using
Modeller4 [19].
EcR structure was solved by molecular replacement with MOLREP
[20] using the AnN structure as starting model.
AnN and EcR structures were reﬁned using REFMAC [21] by incor-
porating bulk solvent corrections, anisotropic Fobs versus Fcalc scal-
ing and TLS reﬁnement. Manual rebuilding and automated solvent
building were respectively carried out using Coot [22] and ARP/wARP
[23]. Final AnN and EcR models contain residues Ala1-Trp260, 525
and 470 water molecules, respectively, two sulphate ions, two mole-
cules of CAPS (3-cyclohexyl-1-propylsulfonic acid), and 8 and 7 ethyl-
ene glycol molecules, respectively. The ﬁnal models have no residue in
the disallowed region of the Ramachandran plot, as veriﬁed with
WHATCHECK [24].
Coordinates have been deposited in the Protein Data Bank with
accession numbers 2HL6 (AnN) and 2IX9 (EcR).3. Results
3.1. Thermal stability
FAEA produced in E. coli as inclusion bodies and refolded
(EcR), and FAEA produced native in A. niger (AnN) exhibited
very similar enzymatic properties. However, AnN was much
more heat resistant than EcR (Table 1).
To assess the respective importance of the folding process
and of glycosylation in the thermal stability of FAEA, a com-
parative thermal stability study using FAEA with the four pos-
sible combinations of these two parameters was performed. To
that end, native non-glycosylated (EcN) and refolded glycosyl-
ated (AnR) FAEA were produced. Since most FAEA was
insoluble in E. coli, only 0.5 mg of EcN was recovered out of
17 l of E. coli culture (not illustrated).
Quality controls of the four molecular species (AnN, AnR,
EcN,EcR)were performed. Functional properties were checked
by Vm and Km measurement (Fig. 1A). Physical properties werechecked by SDS–PAGE, gel ﬁltration, and far-UV CD analysis
(Fig. 1A–C). Although all four molecules ran as a single band
under denaturing and reducing conditions (Fig. 1A), they did
not have the same degree of aggregation under non-denaturing
and non-reducing conditions (Fig. 1C). The four molecular spe-
cies had superimposable far-UVCDspectra suggesting that they
had comparable proportions of a-helix and b-sheets (Fig. 1B).
Sensitivity to heat of AnN, AnR, EcN, and EcR was assayed
(Fig. 1D). As previously noticed, AnN was more thermostable
than EcR. EcN had an intermediate behavior, but was closer
to EcR than to AnN – at 50% residual enzymatic activity,
the thermal stability diﬀerence was 3.4 C between EcR and
EcN, and 9 C between EcN and AnN. Thus, the two native
forms were more stable than the refolded form produced in
E. coli and glycosylation reinforced this tendency. By contrast,
when chemically denatured and then refolded, the glycosylated
form of FAEA (AnR) was the least thermostable of the four
samples. Therefore, it seemed that depending on the folding
process glycosylation could either stabilize or destabilize the
protein structure. In conclusion, the two native forms were
more stable than their respective refolded counterpart, and this
diﬀerence was more important when comparing glycosylated
proteins – at 50% residual enzymatic activity, the thermal sta-
bility diﬀerence was 3.4 C between EcN and EcR and 17.5 C
between AnN and AnR. Interestingly, the thermal stability of
the four molecular species was inversely proportional to their
aggregation state (Fig. 1C).
During heat-induced denaturation, hydrophobic residues
normally buried in the protein core become exposed to solvent
molecules [25]. This can be quantiﬁed by ﬂuorescence-based
thermal shift assay [26]. In this assay, the folded to unfolded
state transition is featured by a linear ﬂuorescence increase
with respect to temperature. The mid-point of this linear part
of the curve is deﬁned as the protein melting temperature (Tm).
We measured a Tm of 52 C for EcR and of 56 C for AnN
(Fig. 1E). Although a larger diﬀerence was expected on the
basis of the thermal stability results (Fig. 1D), this result con-
ﬁrmed that AnN required more energy than EcR to reach the
same level of unfolding.3.2. Crystal structure
3.2.1. Role of the glycan moiety. AnN and EcR 3D struc-
tures were solved to try to gain insight in their diﬀerent behav-
iors towards heat.
Except that AnN was N-glycosylated, AnN (Fig. 2A) and
EcR (Fig. 2B) had identical 3D structures suggesting that most
of the higher thermal stability of AnN over EcR was ac-
counted for by the glycan moiety.
AnN crystallographic structure revealed a typical fungal N-
glycosylation pattern [27] linked to Asn79: GlcNac b1.4 Glc-
Nac b1.4 Man a1.3 Man a1.2 Man. On the basis of AnN
and EcR mass diﬀerence (Table 1A), the total number of sugar
residues (9.8, mainly mannose) was calculated and the volume
potentially occupied by the full length N-glycan could be sim-
ulated (Fig. 2A).
In addition to being involved in FAEA thermal stability
(this study), FAEA N-glycan has been proposed to stabilize
the enzyme lid in an open conformation [28]. However, EcR
structure (Fig. 2B) and enzymatic properties (Table 1A),
respectively, indicated that no glycan was required for the lid
to be maintained open and for FAEA to be functional.
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Fig. 1. Thermal stability of native and refolded FAEA produced in Escherichia coli and in Aspergillus niger. (A) Coomassie blue stained
polyacrylamide gel. M, molecular weight markers (from top to bottom: 116, 66.2, 45, 35, 25, 18.4, 14.4 kDa). Vm (nkat/mg) and Km (mM) are
indicated. (B) Far-UV CD analysis. The labelling of the four curves refers to their respective position at 220 nm. (C) Size exclusion chromatography.
Y axis: OD280 (·10 for EcR real values). X axis: elution volumes (ml). Fraction pools used in experiments A, B, D and E are indicated by a thick
horizontal line at the bottom of the peaks. Numbers on top of the peaks indicate the aggregation state (2, dimer; 5, pentamer, etc.). (D) Thermal
stability. AnR (s), EcR (h), EcN (j), AnN (d). (E) Thermoﬂuorescence: AnN (solid line) and EcR (dashed line).
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to previously published FAEA structures [28,29], a molecule
of CAPS of the crystallization buﬀer was present on one side
of AnN and EcR active site. The cyclohexane moiety of CAPS
was located close to the catalytic triad. Considering that feru-
lic-arabinose is the natural FAEA substrate, and that a ferulic
acid has been found on the other side of the cleavage site
[29,30] CAPS cyclohexane is likely to mimic arabinose during
hydrolysis. The superimposition of FAEA structure containing
a molecule of ferulic acid with FAEA structure containing amolecule of CAPS therefore provides a plausible snapshot of
FAEA just after ferulic-arabinose hydrolysis (Fig. 2C and D).4. Discussion
When FAEA is produced non-folded and undergoes artiﬁ-
cial refolding to recover its native structure, we assume that re-
folded proteins are less stable than their native counterparts
because in vitro refolding produces proteins closely related
Fig. 2. FAEA crystal structure. Pictures were generated using PyMOL (DeLano Scientiﬁc, San Carlos, CA, USA). (A) AnN. The grey shadow
surrounding the N-glycan simulates the volume potentially occupied by the full length N-glycan. The grey gradation represents the increasing
mobility from the N-glycosylation site. (B) EcR. The black rectangle limits this part of the active site magniﬁed in C and D. (C) Superimposition of
AnN/EcR active site containing a molecule of CAPS (this study) with FAEA active site containing a molecule of ferulic acid [29,30]. (D) Same as C
with CAPS substituted by arabinose.
I. Benoit et al. / FEBS Letters 580 (2006) 5815–5821 5819but not identical to in vivo folded proteins. As a consequence
of this fold diﬀerence, EcR would expose hydrophobic residues
to solvent molecules more readily than EcN when the temper-
ature is raised. Interactions between hydrophobic residues of
diﬀerent molecules would ﬁnally result in the inactivation of
the whole population of refolded enzymes before that of native
enzymes. The diﬀerent behavior of EcN and EcR in size exclu-
sion chromatography is in favor of this interpretation: whereas
EcN was 100% pentameric, only half of EcR was pentameric
and the other half migrated as more highly aggregated poly-
mers (Fig. 1C).
It has long been known that glycoproteins are more soluble
and more resistant to denaturation than their deglycosylated
equivalent [10]. This property could partially explain why
FAEA was essentially found in the form of inclusion bodies
in E. coli, and why AnN was less aggregated than EcN even
at 4 C (Fig. 1C). How does glycosylation protect the native
structure of proteins from heat denaturation? First, N-(O-)gly-
cans reduce solvent access to regions of the peptide backbone
both close to and remote from the glycosylation site [32]. Sec-ond, N-glycans have been shown to bind aromatic residues,
and this was associated with decreased protein intrinsic ﬂuo-
rescence intensity [33]. Thus, N-glycans could also stabilize
FAEA 3D structure by interacting with hydrophobic residues
located at the surface of the protein. Incidentally, this could
also reduce the probability of hydrophobic intermolecular
interactions. Third, N-(O-)glycans could stabilize disulﬁde
bonds [31]. The above three mechanisms aim at the same re-
sult: limiting the peptide backbone ﬂexibility.
This is not reciprocal: proteins rarely stabilize N-bound gly-
cans, which are therefore mobile molecules [34]. This mobility
increases from the N-glycosylation site [34] and explains that
glycans exert a stabilizing eﬀect on large protein regions.
FAEA N-glycan is unlikely to be ﬁxed since it has no contact
with, but extends away from the peptide (Fig. 2A). Fig. 2A,B
allows a direct comparison of the space available for peptide
mobility in the presence or absence of N-glycan.
The folding incompleteness proposed above to explain the
lower thermal stability of EcR compared to the EcN could
be exaggerated by the steric hindrance of the N-glycans present
5820 I. Benoit et al. / FEBS Letters 580 (2006) 5815–5821before refolding in FAEA produced in A. niger. The following
observation supports this interpretation. Only AnR had a
three times lower aﬃnity for its substrate (Fig. 1A). Since
EcR and EcN had the same Km, the folding process alone
could not explain this diﬀerence. Since AnN and EcN had
the same Km the glycosylation status alone could not explain
this observation. Thus, only a combined eﬀect of refolding
and of glycosylation could explain this observation. In other
words, it is the presence of the sugar moiety during in vitro
refolding that explains the higher Km of AnR.
We propose to explain the decreasing thermal stability of the
four FAEA molecular species used in this study (AnN >
EcN > EcR > AnR) as follows:
 AnN is produced in its natural host. Therefore, it is cor-
rectly processed post-translationally in terms of both fold-
ing and glycosylation. In this case, sugar residues are
timely and properly added and play a fully protecting role
against heat denaturation.
 EcN is not glycosylated, and so it does not beneﬁt from the
protective eﬀect of glycosylation. However, the protein
folding is probably correctly performed by the bacterium.
Therefore, the lower thermal stability of EcN compared
to AnN could be entirely explained by the lack of glycan,
although we cannot exclude that other steps than glycosyl-
ation of the post-translational processing of an A. niger
protein could be better performed by A. niger than by
E. coli.
 EcR cumulates the lack of structure protection provided by
in vivo glycosylation, and the lack of folding control pro-
vided by E. coli chaperones. It is therefore not surprising
to ﬁnd it at the third position in our thermal stability rank-
ing. Since EcR and EcN have a thermal stability diﬀerence
of 3.4 C, and EcN and AnN have a thermal stability diﬀer-
ence of 9 C (Fig. 1D) the protecting role of in vivo glyco-
sylation can be considered to be 2.6 times more eﬀective
than that of in vivo folding.
 AnR exhibited the lowest thermostability. This is a direct
measure of the consequence of the steric hindrance of N-
glycans on protein folding when not timely added. Inciden-
tally, it indicates that the odd presence of the sugar is more
deleterious for protein stability than its absence since the
two forms expressed in E. coli (native and refolded) were
more stable than the refolded form expressed in A. niger.
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